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We predict theoretically a carbon-based clathrate in the bipartite sodalite structure, 
SrB3C3, that is thermodynamically stable at high pressure. This clathrate is predicted to be a 
dynamically stable superconductor with an estimated Tc of 42 K at ambient pressure. 
Calculated stress-strain relations for SrB3C3 clathrate demonstrate its intrinsic hard nature 
with Vickers hardness of 24-31 GPa. Boron substitution aids in the stabilization of SrB3C3 
clathrate, and offers valuable insights into design guidelines for various carbon-based 
materials. 
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The discovery and synthesis of clathrates, which are sp3-bonded cage-like structures, 
have drawn considerable attention in condensed-matter physics and chemistry [1-19]. In 
particular, clathrate compounds formed by group 14 elements have fascinated scientists for 
many years owing to novel mechanical and electronic properties, such as high thermopower 
[2-7], large electron-phonon coupling [8-11] and ultraincompressibility [12]. Clathrate 
structures are comprised of a covalently bound host structure (typically from group 14) that 
forms cages that tile three-dimensional space and trap guest atoms, such as alkali and alkaline 
earth metals.  While many structure types have been synthesized for group 14 host elements 
including Si, Ge, Sn [13-16,20], clathrates comprised of a carbon framework remain 
unrealized.  
No C-based clathrate has been synthesized so far. First-principles studies have shown 
that guest-free carbon clathrates are energetically unfavorable, but not by much, relative to 
diamond [21-24]. Previous calculations have demonstrated that partial substitution of boron 
within a carbon clathrate lattice significantly improves the stability of structures with lithium 
guest atoms [25]. B substitution considerably lowers the formation enthalpy of clathate 
structures, but they still remain positive and provide a substantial challenge for experimental 
synthesis. Up to now, there is no clear evidence for the formation of energetically stable C-
based clathrate compounds. Here, we suggest a thermodynamically stable clathrate composed 
of C and B host atoms and Sr guest atoms through structure searching methods combined 
with first-principles calculations.   
Our structure-searching simulations were performed using the CALYPSO structure 
prediction method [26] based on the global minimization of free energy surfaces merged with 
ab initio total-energy calculations, as implemented in the CALYPSO code [27]. This method 
was benchmarked using various known systems, ranging from elements to binary and ternary 
compounds [26,28-31]. Total energy calculations were performed in the framework of 
density functional theory within the Perdew-Burke-Ernzerhof [32] generalized gradient 
approximation [33] as implemented in the VASP (Vienna Ab Initio Simulation Package) code 
[34]. The projector-augmented wave (PAW) method [35] was adopted with the PAW 
potentials taken from the VASP library where  4s24p65s2, 2s22p1 and 2s22p2 are treated as 
valence electrons for Sr, B and C atoms, respectively. The use of the plane-wave kinetic 
energy cutoff of 520 eV and dense k-point sampling [36], adopted here, were shown to give 
excellent convergence of total energies. Electronic charges were calculated using a Bader 
charge analysis scheme [37] using a 600✕600✕600 Fast Fourier Transform grid. 
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Phonon dispersion calculations were performed to determine the dynamical stability of the 
predicted structures by using the finite displacement approach, as implemented in the 
Phonopy code [38]. Electron−phonon coupling calculations for superconducting properties of 
stable phases were performed using density-functional perturbation theory (DFPT) with the 
Quantum-ESPRESSO package [39]. To study interatomic interactions, crystal orbital 
Hamilton population (COHP) analysis was performed using the LOBSTER package [40,41]. 
The crystal structures were plotted using VESTA 3 [42].  
We performed exhaustive variable-composition structure searches for the Sr-B-C system 
using the CALYPSO code using up to 50 atoms per unit cell at pressures between 100 and 
200 GPa. The extensive search over this pressure range, which included pure elements, 
binaries and ternaries (ranging from SrxByCz with 0 ≤ x,y,z ≤ 6), was established after 
broader searching at lower pressures. Thermodynamic stabilities for various structures of Sr-
B-C compounds were studied through their relative enthalpies of formation (∆H) with respect 
to mixtures of elemental Sr, B, and C (Fig. 1ab). We find that the hexagonal P63/mmc 
structure is the most stable structure for Sr at 100 and 200 GPa. In agreement with previous 
studies [43,44], B adopts the α-Ga structure over this pressure range. The diamond phase is 
the most stable structure for C in this high-pressure study. ∆H was calculated for every 
stoichiometry at 100 and 200 GPa, using the lowest-enthalpy structure obtained from the 
structure searches. A negative ∆H indicates that the compound is more thermodynamically 
stable than the mixture, and the phases lying on the convex hull are stable against 
decomposition into other compositions. The compounds SrC, SrC2, Sr5C2, SrB, SrB2, SrB4, 
and SrB6 were found to be the stable binary compounds on the convex hull at 100 GPa, while 
SrC, Sr2C3, SrC2, SrB2, SrB4, and SrB6 were stable compounds on the convex hull at 200 
GPa. We find no energetically stable B-C binary compounds above 100 GPa, which is in 
agreement with the previous theoretical study [45]. For the Sr-B-C ternary system, SrBC is 
the only thermodynamically stable compound at 100 GPa.  
We find an intriguing clathrate structure with composition SrB3C3 on the convex hull at 
200 GPa (Fig. 1b). SrB3C3 and SrBC were determined to be dynamically stable by computing 
their phonon spectra. Based on enthalpic analysis according to the convex hull (Fig. 1ab), 
exothermic chemical reactions from thermodynamically stable phases are as follows: 
Sr + 3B + 3C 
150	GPa,		‐3.4	eVሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ SrB3C3 
SrB6 + 3C 
150	GPa,		‐5	meVሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ SrB3C3 + 3B. 
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Fig. 1. Stabilities of Sr-B-C compounds under pressure and crystal structures of predicted Sr-
B-C compounds. Predicted formation enthalpy of various Sr-B-C compounds with respect to 
elemental decomposition into Sr, B, and C at (a) 100 and (b) 200 GPa. Compounds 
corresponding to data points located on the convex hull are stable against decomposition into 
other compositions. (c) The P63/mmc structure of SrBC. (d) The ܲ݉3ത݊ structure of SrB3C3. 
Blue, green and brown spheres represent Sr, B, and C atoms, respectively. e) Electron 
localization function (isosurface ELF = 0.8) of SrB3C3 at 200 GPa. 
 
The SrB3C3 phase, predicted to be thermodynamically stable above 150 GPa, adopts the 
primitive cubic bipartite sodalite structure (sod-b) (ܲ݉3ത݊, 2 formula units per cell, Fig. 1d). 
The framework is distinguished from the sodalite structure (SOD) and so-called clathrate-VII 
[46] in that carbon atoms are only bonded to boron atoms and vice versa [47].  The SrB3C3 
clathrate framework is composed of a single truncated octahedral cage with six, four-sided 
faces and eight, six-sided faces. The cages are comprised of 24 vertices with alternating C 
and B atoms and each cage contains a single Sr atom within the center.  We find that SrB3C3 
is dynamically stable at 0 GPa. At zero pressure, the optimized lattice parameter is 4.88 Å, 
with B-C bond lengths of 1.73 Å, which are longer than the 1.65 Å found in the analogous 
LiBC5 clathrate [25] due to the larger size of Sr atoms compared with Li. The electron 
localization function shows the strong covalent nature of bonding between the B and C atoms 
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(Fig. 1e), and only weak interactions between Sr and B/C atoms in SrB3C3. Also, the 
calculated projected electronic density of states shows very strong mixing of B and C states 
(Fig. 2b), typical for the predominantly covalent bonds. The structure of SrBC is predicted to 
be hexagonal (space group P63/mmc) throughout the pressure range investigated. SrBC 
exhibits two-dimensional layers of 6-membered B-C rings, which stack between layers of Sr 
atoms (Fig. 1c) and is the same type of structure as LiBC at ambient conditions [48].  
 
Fig. 2 (a) Electronic band structure for SrB3C3 at 200 GPa projected onto atomic orbitals 
represented by different colors. The size of each point is proportional to the weight of the 
orbital character. The dashed line indicates the Fermi energy. (b) Projected density of states 
and COHP between two adjacent B and C atoms in SrB3C3 at 200 GPa. (c) COHP between 
two adjacent atoms in SrC6 and SrB2C4. (d) Difference charge density (crystal density minus 
superposition of isolated atomic densities) of SrB3C3 plotted in the (100) plane at 200 GPa. 
Arrows denote the positions of Sr, B, and C atoms, as indicated.  
 
SrB3C3 should be a hole conductor, and it is. The reasoning is as follows: All all-carbon 
four-coordinate zeolites are insulators at low pressures, closed-shell systems analogous to 
diamond. A sodalite all-carbon clathrate would be that, and so would isoelectronic [C3B3]3-. 
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SrB3C3 is one electron per formula unit short of this magic (insulator) electron count. And 
indeed the band structure shows this – a good gap for one electron more than SrB3C3.  
Another way of describing the bonding is as follows:  In a classical (Lewis) covalent 
bond, two valence electrons are shared with two adjacent centers (2c-2e). In SrB3C3 clathrate, 
each B-C bond can accept 2/3 of an electron from Sr. The charge transfer phenomenon from 
Sr atoms to B-C bonds is supported by the difference charge density plot (Fig. 2d) and Bader 
charge analysis (Supplemental Material). However, there are not sufficient electrons to form 
four 2c-2e bonds. The delocalization of electrons within the B-C-B units is confirmed by the 
electronic band structure. The electron deficiency of B atoms creates empty bands above the 
Fermi level. These bands, crossing the Fermi level, are dominated by sp3-hybridized B-C-B 
bonds (Fig. 2a). This fact indicates that the transport properties, such as electrical 
conductivity, are primarily controlled by the B-C-B bonds.  
To further understand the bonding character of the states around the Fermi level, we 
constructed a model system of hypothetical SrC6 clathrate (ܫ݉3ത݉, SOD, Fig. S2a), in which 
all B atoms were replaced by C atoms, to calculate the COHP (Fig. 2c). Similar with the 
COHP of LiC6 and LiBC5 clathrates reported by Zeng et al. [25], the antibonding character of 
occupied states around the Fermi level is unambiguous between two adjacent C atoms. With 
½ of C atoms substituted by B atoms, there are no occupied antibonding states exhibited (Fig. 
2b), removing the high-energy electrons, and thus stabilizing the SrB3C3 clathrate. In contrast, 
we find that SrB2C4 (I4/mmm, Fig. S2b), which is thermodynamically unstable up to 200 
GPa, has C-C antibonding character (Fig. 2c). 
The band structure of SrB3C3 shows several steep bands crossing the Fermi level and a 
flat band near the M point in the M→ direction (Fig. 2a). The coexistence of steep and flat 
bands close to the Fermi level sets favorable conditions for superconductivity [49]. 
Therefore, electron-phonon coupling calculations were performed to investigate potential 
superconductivity in SrB3C3. Phonon dispersion relations and the phonon density of states 
(PHDOS) for SrB3C3 clathrate are shown in Fig. 3a. To illustrate the contributions associated 
with different phonon modes, blue circles with radii proportional to the corresponding 
electron phonon coupling, λ, are plotted.  The phonon spectrum is divided into two regions 
by a gap at 400 cm-1. The branches with lower frequency are mainly contributed by Sr atoms, 
while the higher frequency branches are mainly associated with C and B atoms. The 
superconducting transition temperature, Tc, has been estimated from the Allen-Dynes 
modified McMillan equation [50], and a typical value of the Coulomb pseudopotential μ* = 
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0.1 was used. The calculated Tc is 42 K at ambient pressure, which is competitive with MgB2 
[51]. According to the McMillan equation, Tc is dominated by λ, the logarithmic average of 
the phonon spectrum (ωlog), and the density of states (DOS) at Fermi level (NF). The 
calculated Tc, ωlog, λ and NF as a function of pressure are shown in Fig. 3b. The predicted Tc 
drops from 42 K at ambient pressure to 12 K at 200 GPa, with a pressure coefficient (dT/dP) 
of 0.15 K/GPa. This change is due to the decrease of ωlog, λ and NF with increasing pressure.  
 
Fig. 3. (a) Phonon dispersion, and phonon density of states (PHDOS) of SrB3C3 at 0 
GPa. (b) Tc as a function of pressure. The insets show the evolution of λ and ωlog with 
pressure.   
 
Clathrates composed of C host atoms are predicted to be very hard [12]. First-principles 
calculations of the stress-strain relations provide insights into the local bond deformation and 
breaking mechanisms that establish key benchmarks for the intrinsic mechanical properties of 
a material. The stress response along different deformation paths under tensile and shear 
strains, combined with the lowest peak stress defines the corresponding ideal strength, which 
is the maximum stress that a perfect crystal can sustain before yielding to a plastic 
deformation. Here, we applied the established method to determine the stress-strain relations 
for SrB3C3 under tensile strains in three principal crystallographic directions. The calculated 
peak stresses are 75, 39, and 24 GPa in the <001>, <111>, and <110> directions, 
respectively, which indicate that the <110> direction is the weakest tensile direction, and thus 
the (110) planes are the easy cleavage planes (Fig. 4a). We next evaluate the shear stress 
response in the (110) “easy cleavage plane” of SrB3C3 (Fig. 4b). The lowest peak shear stress 
of 25 GPa in the (110)[1ത10] shear direction is very close to the ideal tensile strength (24 
GPa). These strength values place SrB3C3 as a very hard material with a hardness near 24 
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GPa. It is well known that GGA methods almost always overestimate the lattice constants of 
solids and consequently underestimate the hardness. Thus, we investigated the ideal strength 
of SrB3C3 with the local-density approximation (LDA) [52], which consistently 
underestimates the volume.  Based on the calculation using LDA, the lowest peak stress is 31 
GPa (Fig. S5). These ideal strength results suggest that the hardness of SrB3C3 should range 
between 24 and 31 GPa, and this value is comparable with the hardness of tungsten carbide 
(24 GPa) [53], which is widely used in applications for cutting, drawing, rolling, and as 
anvils for high-pressure devices.  
 
 
Fig. 4. (a) Calculated tensile stress-strain relations for SrB3C3. (b) Calculated shear 
stress-strain relations for SrB3C3 in the (110) easiest cleavage plane. 
 
In summary, we have performed a systematic search for stable compounds in the Sr-B-C 
system at pressures up to 200 GPa using accurate DFT calculations in conjunction with 
automatic crystal structure searching techniques. The most significant finding is the 
prediction that the Sr-filled, boron-substituted carbon clathrate can be thermodynamically 
stable in the bipartite sodalite (clathrate-VII) structure. Furthermore, this work suggests that 
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the hypothetical SrB3C3 clathrate will exhibit a high superconducting transition temperature 
and excellent mechanical behavior.  
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Supplementary Fig. 1. Composition phase diagram of the ternary Sr-B-C system. The 
circles represent the compositions used for the structure searches at 100 and 200 GPa.  
  
  
 
Supplementary Fig. 2.  The crystal structure of (a) SrC6 and (b) SrB2C4. Blue, green and 
brown spheres represent Sr, B, and C atoms, respectively. 
 
  
  
 
 
Supplementary Fig. 3. Electronic band structure for SrB3C3 at 0 GPa. 
 
  
  
 
Supplementary Fig. 4. Phonon dispersion, and phonon density of states (PHDOS) of SrB3C3 
at 200 GPa. 
  
  
 
Supplementary Fig. 5. a, Calculated tensile stress-strain relations for SrB3C3 with LDA. b, 
Calculated shear stress-strain relations for SrB3C3 in the (110) easy cleavage plane with 
LDA. 
 
 
  
Supplementary TABLE 1: Calculated Bader partial charges of SrB3C3 clathrate at 200 
GPa.  
 
Atom Partial charge 
Sr -1.32 
B -1.48 
C +1.92 
 
 
 
 
 
 
Supplementary TABLE 2: Calculated structural parameters of SrB3C3 clathrate and 
SrBC at 200 GPa. 
 
 Space group Lattice Parameters 
(Å) 
Atomic coordinates 
(fractional) 
   Atom X Y Z 
SrB3C3 ܲ݉3ത݊ a = 4.264 Sr (2a) 0 0 0 
   B (6c) 1/4 0 1/2 
   C (6d) 1/4 1/2 0 
SrBC P63/mmc a = 2.544 Sr (2a) 0 0 0 
  c = 7.584 B (2d) 1/3 2/3 3/4 
   C (2d) 1/3 2/3 1/4 
 
 
 
